INTRODUCTION
The Kea (Nestor notabilis) is a high country parrot that is endemic to South Island, New Zealand. It lives in highaltitude forest and alpine basins ranging between 600 m and 3,000 m above sea level, although it may be found occasionally descending to sea level and reaching higher elevations in summer (Forshaw, 2006) .
A dramatic population decline has occurred in post-European times due to a perceived threat to agriculture and the subsequent introduction of a bounty in 1890 that resulted in the death of at least 150,000 Kea before the scheme was withdrawn in 1970 (Peat, 1995) . Full protection of the Kea was achieved in 1986; however, there is no indication that the population has recovered since then (Peat, 1995) . The precise size of the current population is unknown, although it is estimated to be approximately 1,000-5,000 birds (Pullar, 1996) . Kea are listed as vulnerable by the World Conservation Union (International Union for Conservation of Nature) red list (Bird Life International, 2006) , and as Nationally Endangered under the New Zealand Threat Classification List (Hitchmough et al., 2007) .
Kea are omnivorous, feeding primarily on vegetation and insect larvae, although they are opportunistic and will sample any potential food source (Temple, 1996) . Their foraging behavior and particularly inquisitive nature have led to incidences of foreign substance ingestion as Kea sample handouts from tourists, rubbish dumps, buildings, boardwalks, cars, farms, and fishing boats (Peat, 1995; Temple, 1996) .
After centuries of anthropogenic use, environmental contamination with lead is significant enough to affect free-ranging wildlife (Hoffman, 2003) . Lead is one of the most toxic metals known, affecting the renal, gastrointestinal, reproductive, central and peripheral nervous systems, as well as the biosynthesis of heme (Verity, 1997; Pattee and Pain, 2003) . Sources of lead available to Kea include rubbish in landfills and construction materials on buildings. Lead toxicity is a serious and commonly encountered problem in both wild and captive animals, as well as humans around the world. To date, research into lead exposure and toxicities in wild animals has focused on waterfowl, raptors, and upland game birds, with very little information reported for other species. Lead toxicosis has been well described in captive parrots (Dumonceaux and Harrison, 1994) and wild waterfowl and raptors, particularly in North America and Europe (e.g., Pain, 1991; Locke and Thomas, 1996) . Acute lead poisoning leading to regurgitation/vomiting, seizures or other neurologic diseases, and occasionally anorexia, diarrhea, and polyuria are commonly seen in companion parrots (Dumonceaux and Harrison, 1994) . Chronic lead poisoning is more typical in wild birds (especially waterfowl), with affected birds found emaciated with paresis/paralysis of the wings and/or legs and esophageal impaction, or more commonly, found dead (Locke and Thomas, 1996) . Death can result from secondary infection, starvation, predation, or misadventure. Lead poisoning has been recorded in several captive Kea in New Zealand (Alley and Gartrell, unpubl. data) and overseas (Zook et al., 1972) .
Lead poisoning was diagnosed in several wild Kea presented to the Massey University Veterinary Teaching Hospital (MUVTH), Palmerston North, New Zealand, for necropsy. The aim of our study was to examine the prevalence of lead exposure of free-living Kea in New Zealand by surveying the blood lead levels in wild Kea from Aoraki/Mount Cook National Park; reviewing pathologic findings from Kea in database archives (the New Zealand wildlife postmortem database Huia and the Massey University postmortem database); and finally analyzing lead concentrations in archived Kea tissue samples. We hypothesized that the Kea population was affected by sporadic exposure to lead causing severe acute lead poisoning.
MATERIALS AND METHODS

Blood lead survey of wild Kea
In total, 38 Kea from Aoraki/Mount Cook National Park (43u739660S, 170u109400E) were sampled between April 2006 and November 2007. Thirteen juvenile males, 18 fledglings (16 male and two female), three subadults (two male and one female), two adult males, and two nestlings were captured. After capture, the birds were blood sampled from the left or right ulnar and/or medial metatarsal vein. For the birds sampled in 2006, two smears for microscopy were made with fresh blood. Blood was placed into 0.4-ml lithium heparin microtainers (BD Vacutainer Systems, Preanalytical Solutions, BD Biosciences, Franklin Lakes, New Jersey, USA). A clinical examination was carried out on each of the birds sampled in 2006 (n515). A combination of bill size and coloration; eye, cere, and crown feather coloration; molt stage; and weight (when available) were used to identify the age-class and sex of the unbanded Kea (Diamond and Bond, 1999) . Banding records were checked to confirm age and sex of banded Kea. The condition of each bird was estimated using the prominence of the keel and the pectoral muscles, and the presence of subcutaneous fat deposits (Doneley et al., 2006) , and scored out of 5, with 1 being emaciated and 5 being grossly obese. All unbanded birds were banded before release.
Blood was analyzed for lead content using a portable lead analyzer (LeadCareH, ESA Inc, Chelmsford, Massachusetts, USA). All blood samples were analyzed for lead content or placed in buffer solution and refrigerated within the time frame recommended by the manufacturer. The analyzer uses a technique known as anodic stripping voltammetry as described in Wang (2000) and has a detection range of 0.0-0.65 mg/l and an analytical reporting range of 0.014-0.65 mg/l (Anonymous, 2005) . Levels greater than 0.65 mg/l are expressed as ''HI.'' Where the upper limit of the analyzer was reached, a 1:10 dilution with saline was used to give a quantitative measure. The interpretation of a significant blood lead concentration was made using the World Health Organization minimum action level for children of 0.1 mg/l (WHO, 1995) .
Packed cell volume (PCV; n519) and plasma biochemical analysis for the range of metabolites listed in Table 1 (n518) was carried out on heparinized blood between 3 days and 4 days after collection. Before submission, samples were kept refrigerated at 4 C. Blood smears were stained with a modified Wrights-Giemsa stain (n515) for analysis.
Capture, handling, and sampling procedures were carried out with approval from the Massey University Animal Ethics Committee and the New Zealand Department of Conservation.
Review of wildlife mortality database and archived samples
Two databases-Huia, the New Zealand wildlife pathology database; and the Massey University pathology database-were searched using the search terms ''Kea'', ''Nestor,'' and ''Nestor notabilis.'' Individual records were retrieved for all animals entered into both databases from 1991 to 2007. Records from captive Kea were excluded. Records were examined and pathologic information, including tissue lead levels summarized.
Tissues collected and tested before the initiation of the study were tested for lead concentration at a commercial laboratory using proprietary methods based on colorimetric measurement of trace metals as described in Sandell (1959) . Liver and/or kidney tissues archived in formalin or stored at 220 C were retrieved and submitted to the Food and Nutrition Laboratory, Massey University. Acid digest was performed on each sample, and they were then analyzed for lead content using proprietary techniques based on inductively coupled plasma mass spectrometry as described in Dean (2005) . All results are reported as wet weight (ww). Elevation of tissue lead levels was determined based on published results for other wild species (Franson, 1996; Pain, 1996) .
Liver and kidney tissue stored in paraffin blocks were processed routinely for histology, cut to 3 mm, and stained with Ziehl-Neelsen (ZN) to enable examination for acid-fast intranuclear lead inclusion bodies.
Statistics
Statistical analyses were performed using SigmaStat# for Windows, version 3.5 (SPSS Inc., Chicago, Illinois, USA). Basic descriptive statistics (mean, range, SD, SE, and measurements of normal distribution) were calculated for all birds sampled and birds within specific age cohorts (fledgling and juvenile), as well as for grouped hematologic and biochemical data. Data are presented with SE unless otherwise specified. Normally distributed data were compared using a Student's t-test. Data without a normal distribution were compared using a Mann-Whitney rank sum test. Linear regression was performed to assess the relationship between blood lead level and condition score, PCV, white cell count (WCC), and total protein.
RESULTS
Blood lead survey of wild Kea
All birds sampled (n538) had been exposed to lead ( Fig. 1; mean6SE , 0.42860.094 mg/l; range, 0.028-3.43 mg/ None of the Kea tested showed overt clinical signs of lead toxicity at the time of sampling. A single juvenile bird (blood lead, 0.247 mg/l) was observed to be ataxic and clumsy, with a wide-based stance the day after sampling; however, the bird was not recaptured and not seen again during the remainder of the field trip or on subsequent field trips.
Twelve juvenile, two subadult, and one adult bird were examined for body condition (n515). All of these birds were in good-to-adequate condition, and there was no relationship found between condition score and blood lead level (n515; R 2 50.003, P50.8)
Hematologic and biochemistry parameters were obtained for 18 Kea of mixed age. The mean PCV was 0.50 l/l (Table 2) . Sufficient data were not available to compare age groups or sexes. There was no significant relationship found between lead level and PCV (n518; R 2 50.1, P50.2). Estimated WCCs were carried out on eight of 15 blood smears. The remainder were rejected due to poor smear quality, which varied due to field conditions. The mean total WCC (n58) was 15.6 3 10 9 cells/l ( Table 2) . A significant linear relationship was found by regression analysis between blood lead concentration and WCC (R 2 50.66, P50.01) with WCC increasing as blood lead level increased (Fig. 2) .
There were no significant abnormalities noted in serum biochemistry ( (Table 4) . Analysis of formalin-fixed tissue detected elevated lead tissue levels in one bird that had not been tested previously. In three birds, both fresh and formalin-fixed liver lead concentrations were obtained, and differences in the concentrations are observed within the same bird (Table 5) . Due to small sample size, statistical analysis of lead levels in fresh compared with formalin-fixed tissue has not been attempted.
DISCUSSION
To the best of our knowledge, this is the first report in the peer-reviewed literature of lead toxicity in free-ranging parrots. Blood and/or tissue lead concentrations in 38 live-captured Kea and 12 necropsied Kea from Aoraki/Mount Cook indicate that lead exposure is common in this population and may be causing significant morbidity. Histopathological findings and high tissue lead concentrations in 42% (5/ 12) of necropsied Aoraki/Mount Cook Kea and 47% (7/15) of all necropsied wild Kea suggest that lead is an important contributing factor to mortality in wild Kea. None of the wild birds examined showed overt clinical signs of lead intoxication (such as regurgitation or neurologic disease) at the time of testing; however, one bird did seem ataxic the day after sampling, possibly due to lead exposure (Dumonceaux and Harrison, 1994) . General physical examination of juvenile birds revealed few significant abnormalities.
In young birds, lead exposure may occur due to parental feeding, via selffeeding, or both. Two nestlings were found to have elevated blood lead levels in the same range as fledged birds, suggesting that exposure to lead begins in the nest with adults feeding their young material containing lead. It is also possible that lead is transferred from females to nestlings via the egg (Burger and Gochfeld, 1993) ; however, because blood lead concentrations are representative of recent exposure (Pattee and Pain, 2003) , bone lead and eggshell lead levels would need to be examined to explore this further.
Despite low numbers of subadults and adults sampled, there seems to be a reduction in blood lead concentration in the older animals, indicating reduced exposure, probably in part due to reduced exploratory behavior (Diamond and Bond, 1999) .
Biochemistry and red blood cell parameters in this study were unremarkable in contrast to those reported in Kea by Jarrett (1998) , who found a significant negative correlation between blood lead levels and serum albumin (P50.05). White cell count was found to be positively correlated with the blood lead level in juvenile birds (Fig. 2) , suggesting that elevated lead levels may be having an effect on the health of the birds; however, the sample size is small (n58). Rocke and 
a Tissue lead levels were recorded as elevated, but values were not included in necropsy report. b Analysis performed by inductively coupled plasma mass spectrometry. Samuel (1991) found that male mallards (Anas platyrhynchos) exposed to lead experienced a decline in mean circulating white cell count compared with controls. Subclinical lead poisoning is known to increase an animal's susceptibility to disease (Pattee and Pain, 2003) and to cause immune system disruption (Dietert et al., 2004) . It is possible that white cell count may vary at different levels and chronicity of lead exposure. In captive parrots, it has been suggested that blood lead levels greater than 0.2 mg/l are suggestive of lead poisoning and if accompanied by clinical signs, levels greater than 0.4-0.6 mg/l are diagnostic (Dumonceaux and Harrison, 1994) . However, some birds have shown clinical signs and responded to therapy with blood lead levels as low as 0.1 mg/l, and others have had no clinical signs with much higher levels (Dumonceaux and Harrison, 1994) . Although the absence of observed clinical signs in the live wild Kea sampled in this study may suggest tolerance to high blood lead concentrations, this does not take into account any subclinical effects. A paradigm shift in human medicine from concentrating on symptomatic patients to a focus on subclinical effects of low-level lead exposure has occurred over the past 30 yr (Needleman, 2004) . In humans, lowlevel chronic lead exposure is known to cause impaired learning ability, neuromuscular defects, and altered heme metabolism (Silbergeld and Goldberg, 1980) . Gilbert and Weiss (2006) suggest that blood lead levels greater than 0.02 mg/l in humans should be regarded as elevated due to the effects of even very low levels of lead on biologic processes, particularly the nervous system. Burger and Gochfeld (2005) found that lead exposure affected neurobehavioral development and learning in Herring Gulls (Larus argentatus) and that although each behavioral effect may be small, cumulatively they may result in reduced survival. All of the birds in this study have blood lead concentrations above the threshold of 0.02 mg/l suggested by Gilbert and Weiss (2006) , and 26 of the 38 birds (68%) are above 0.2 mg/l, the threshold suggestive of lead poisoning in captive parrots (Dumonceaux and Harrison, 1994) .
Oral exploratory behavior is commonly exhibited in young animals, and extensive mouthing behavior can lead to an increased risk of lead ingestion (Berney, 1996; Needleman, 2004) . Young Kea exhibit similar exploratory behavior to young humans and during their first two years, Kea spend considerable time developing motor and coordination skills as well as feeding and foraging skills that are important for survival in a subalpine environment (Temple, 1996) . They will forage in areas with easily accessible food such as rubbish dumps and towns (Diamond and Bond, 1999) , which is likely to increase their risk of lead exposure. Longterm studies of children and young gulls have shown that the effects of lead exposure early in life can persist into at least early adulthood and can result in a range of neurologic disorders and deficits, such as learning disabilities and problems with fine motor function (Rubin and Farber, 1994; Anderson et al., 1996; Needleman, 2004; Burger and Gochfeld, 2005) . In our study, all the young Kea examined had detectable blood lead, raising the possibility that similar effects on learning and intelligence may be occurring in Kea.
Lead affects many body systems and can cause a wide range of pathologic changes. The nature and severity of these lesions varies with the duration and level of exposure, as well as with species (Silbergeld and Goldberg, 1980; Pattee and Pain, 2003) . It is important to distinguish lead poisoning as a direct cause of mortality from lead exposure that merely contributes to mortality, and interpreting tissue levels in the absence of clinical and pathologic changes is difficult, particularly with the varied published reference ranges for tissue lead levels (Franson, 1996; Pain, 1996) . In this study, all of the necropsied Kea with elevated tissue lead levels (based on the published reference ranges) had a history of clinical signs consistent with lead toxicity, such as ataxia and regurgitation. In addition, all had ZN-positive intranuclear inclusions in the renal tubular epithelium.
The tissue lead results in this study were analyzed as wet weight, making comparison between fresh and formalin-fixed tissue difficult due to variation in the water content of the tissues. Formalinfixed tissues are dehydrated and tissue water concentration can also vary between tissue types and between individuals (Bush et al., 1995) . Archived tissues can be useful for retrospective studies; however, interpretation of results can be difficult. Further work comparing heavy metal levels in fresh and formalin-fixed tissues of birds is required.
This study has demonstrated widespread exposure of the Aoraki/Mount Cook Kea to levels of lead known to cause subclinical and clinical disease in other species. The potential effects of lead on intelligence and learning ability, as well as other body systems may be detrimental to the survival of the species. Our study examines a single population, and further work to investigate the exposure to lead of different age groups of Kea at this and other locations is underway. Further studies examining the effect of lead on life history traits such as reproduction, recruitment, and survival, as well as examination of more subtle behavioral effects will enable a better assessment of the population effects of lead on Kea. The examination of bone lead levels along with tissue levels of necropsied Kea also may provide information regarding the extent of lifetime lead exposure in Kea. Lead abatement also is to be initiated in the Aoraki/Mount Cook Village and National Park buildings to reduce the exposure of Kea to lead.
